T he blood supply to the talus is mainly provided by branches of the posterior tibial and peroneal arteries 1, 2 . Because approximately 60% of the surface of the talus is covered with articular cartilage, the blood supply through the periosteum is limited 3, 4 . Thus, fractures of the talus often interrupt the blood supply, inducing osteonecrosis. The predicted prevalence of traumatic osteonecrosis associated with talar neck fractures has been reported to range from 0% to 10% for Hawkins 5 type-I fractures and to be >60% for type-III fractures 6 . Treatment of osteonecrosis of the talus is quite challenging 7 . Blair 8 introduced the original tibiotalar arthrodesis technique; subsequently, other investigators reported modifications of this procedure that minimized shortening of the operatively treated leg [9] [10] [11] . However, arthrodesis eliminates ankle motion and pseudarthrosis may develop 12 . In recent years, tibiotalar or tibiocalcaneal arthrodesis using callotasis combined with Ilizarov external fixation has been reported 12, 13 . Although a bone allograft can compensate for the bone defect, some countries have cultural problems associated with allografts.
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In recent years, there have been major developments in artificial bone products such as calcium phosphate or hydroxyapatite; however, it is unclear whether replacement with the large amount of artificial bone required after talar body necrosis provides sufficient strength.
Harnroongroj et al. 14, 15 introduced a stainless-steel talar body prosthesis designed by slit scanography and reported a postoperative median score of >75 points on the American Orthopaedic Foot & Ankle Society ankle-hindfoot scoring system. In contrast, we developed two models of custom-made artificial talar body implants made of alumina ceramic designed with computed tomography (CT) 16, 17 . The first-generation implant, which had a peg on the anterior surface of the implant, was inserted into the head of the talus and fixed with bone cement. Although clinical results were initially satisfactory, some implants developed loosening at the fixation site. The second-generation implant was designed without a peg and was not fixed to the talar head. The overall clinical results were also initially acceptable with this implant, but late collapse of the talar head occurred in some patients 17 . We therefore decided to replace the whole talus with a total talar prosthesis ( Fig. 1 ) in 2005, postulating that such an implant would restore function of the ankle joint and relieve pain. The purpose of the present study was to assess pain and function in patients treated with an alumina ceramic total talar replacement and determine if it is an acceptable treatment for talar osteonecrosis. The present investigation looked at the primary outcomes 5.0 ± 3.4 (0 to 9.5) 1.9 ± 2.7 (0 to 8.7) † Walking fast or running? 5.9 ± 3.9 (0 to 9.8) 3.2 ± 3.6 (0 to 9.8) ‡
*The values are given as the mean and standard deviation, with the range in parentheses. †The difference between the preoperative and final follow-up scores was significant (p < 0.01). ‡The difference between the preoperative and final follow-up scores was significant (p < 0.05).
of postoperative function and pain after total talar replacement in consecutive patients with osteonecrosis of the talus treated at a single institution.
Materials and Methods
T his retrospective review of prospectively collected data was conducted in accordance with the Declaration of Helsinki 18 and the Guideline for Good Clinical Practice 19 and was approved by the ethics committee of the Nara Medical University, Nara, Japan. We treated fifty-four consecutive patients (fifty-eight ankles) with osteonecrosis of the talus from October 2005 to May 2012. Two of the authors (Y.T. and Y.T.) performed the total talar prosthetic replacements. Three patients were excluded because the distal end of the tibia had degenerative changes and needed to be replaced with a tibial component. The remaining fiftyfive ankles in fifty-one patients (forty-six women and five men) had complete follow-up and are included in this study. Osteonecrosis of the talus was caused by fracture of the talar neck in four patients (four ankles) and was idiopathic in the remaining forty-seven patients (fifty-one ankles). The diagnosis was made with weight-bearing radiographs ( Fig. 2-A) , and was confirmed with magnetic resonance imaging (MRI) (Fig. 2-B) . The osteonecrosis was not due to alcohol abuse or corticosteroids in any of the patients. Because our institution treats patients with chronic orthopaedic conditions from all over Japan, we have a high proportion of patients with idiopathic disorders. The average body mass index (and standard deviation) was 24.3 ± 3.73 kg/m 2 (range, 18.7 to 31.6 kg/m 2 ). The average age at the time of surgery was 61.4 ± 8.5 years (range, thirty-nine to seventy-seven years), and the average duration of follow-up was 52.8 ± 22.0 months (range, twenty-four to ninety-six months). In this series, no patient had any osseous deformity other than that of the talus. For the production of each prosthesis, the relevant dimensions were measured on radiographs and CT scans of the contralateral, normal talus. The Alumina ceramic total talar prosthesis that was designed using the data obtained by CT from the contralateral side. Figs. 2-A, 2-B, and 2-C A sixty-two-year-old woman who had a collapsed talus that was due to osteonecrosis. Fig. 2 -A Preoperative radiograph of the ankle. Fig. 2 -B Sagittal T1-weighted 1.5-T MRI shows a low-intensity area in the talar body that reveals osteonecrosis of the talus.
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CT images were made at 2-mm intervals in the axial and sagittal planes, and a three-dimensional wire model and implant were assembled. Then, a stereolithographic model was cast, and from that an alumina ceramic prosthesis was produced. These prostheses require four weeks to produce. In patients with bilateral talar osteonecrosis, the artificial tali were designed using imaging data from the less distorted side to produce an image of the normal shape.
The surgery was performed via an anterior approach to the ankle joint. After the talus was completely resected, an artificial talus was substituted with manual traction of the foot. The remaining capsule was repaired to the extent possible.
Partial weight-bearing was allowed two weeks after surgery and was gradually increased to full weight-bearing by three weeks after surgery. A short leg cast was fitted for the first three postoperative weeks, and a soft, multistrap, soft ankle orthosis was used continuously for more than a month thereafter.
Clinical results were evaluated by assessing scores on the Japanese Society for Surgery of the Foot (JSSF) ankle-hindfoot scale 20, 21 , which has a maximum score of 100 points (consisting of 40 points for pain, 50 points for function, and 10 points for alignment), and the Ankle Osteoarthritis Scale (AOS) 22 before surgery and at the final follow-up visit. The range of motion in dorsal and plantar flexion was measured at that time. The paired-sample t test and Wilcoxon signed-rank test were used to compare preoperative and postoperative scores. All data were tested for normality, and the paired t test was used for normally distributed data (i.e., all of the JSSF ankle-hindfoot scale scores and the scores for the question "Pain when you walked wearing shoe inserts or braces?" in the AOS scoring system), while the Wilcoxon signed-rank test was used for the rest. Degenerative changes in adjacent joints were evaluated with a weightbearing ankle radiograph (Fig. 2-C) , and instability was assessed with stress radiography. Osteosclerosis was assessed on the basis of osseous reactions in the tibia, navicular bone, and calcaneus in weight-bearing lateral radiographs of the ankle. Ankle instability was evaluated postoperatively with the talar tilt angle in inversion and eversion-stressed anteroposterior radiographs of the ankle, whereas the anterior drawer distance was assessed on anterior drawer stress lateral radiographs.
All clinical assessments, examinations, and radiographic evaluations in this investigation were performed by one of us (A.T.) at the yearly follow-up examinations, independent of the operating surgeons.
Source of Funding
We received no external funding for this study.
Results
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reoperative and postoperative scores on the JSSF anklehindfoot scale are listed in Table I , and those on the AOS scoring system are listed in Table II . According to the JSSF ankle-hindfoot scale, the mean scores for pain improved from 15.0 ± 9.4 points (range, 0 to 20 points) to 34.0 ± 5.6 points (range, 20 to 40 points); the scores for function, from 21.2 ± 9.7 points (range, 4 to 38 points) to 45.1 ± 4.0 points (range, 37 to 50 points); the scores for alignment, from 6.0 ± 2.8 points (range, 5 to 10 points) to 9.8 ± 0.9 points (range, 5 to 10 points); and total scores, from 43.1 ± 17.0 points (range, 11 to 68 points) to 89.4 ± 8.4 points (range, 76 to 100 points). The mean score for the AOS category of pain "at its worst" improved from 6.1 ± 3.3 points (range, 0 to 9.9 points) to 2.0 ± 1.7 points (range, 0 to 6.3 points). The mean preoperative range of motion was 0.5°± 3.7°(range, -8°to 7°) in dorsiflexion and 43.7°± 8.3°(range, 32°to 60°) in plantar flexion. At the time of the final follow-up, the mean range of motion was 5.4°± 4.9°( range, 0°to 17°) in dorsiflexion and 32.0°± 8.9°(range, 17°to 55°) in plantar flexion. At the time of the final follow-up, osteosclerosis was noted at the distal end of the tibia in 44% (twenty-four) of the fifty-five ankles, in the navicular in 9% (five ankles), and in the calcaneus in 35% (nineteen ankles). The mean talar tilt angle was 5.0°± 3.6°(range, -1°to 17°) on inversion stress radiographs and 1.1°± 3.0°(range, -3°to 10.3°) on eversion stress radiographs. The mean anterior drawer distance was 1.4 ± 0.5 mm (range, 0.7 to 2.4 mm) (Table III) . In our case series, no patient was a top-level athlete or did physically demanding work. All patients had returned to work or to the normal activities of daily living. No patient had wound dehiscence or infection that required reoperation or amputation.
Discussion
T he talus tends to have a precarious circulation because 60% of its surface is covered with articular cartilage 3, 4 ; this can result in traumatic or idiopathic talar osteonecrosis. The predicted prevalence of osteonecrosis has been reported to range from 0% to 10% for Hawkins 5 type-I fractures and to be >60% for type-III fractures 6 . The talus is the third most common site of idiopathic osteonecrosis, after the femoral head and femoral condyle 23 . This condition is reportedly caused by frequent use of corticosteroids [24] [25] [26] , heavy consumption of alcohol 27 , systemic lupus erythematosus 27 , hemophilia 28, 29 , and severe acute respiratory syndrome 30 ; however, in many patients, no cause is evident. Although arthrodesis of the ankle achieves acceptable function, it eliminates the motion of the ankle and pseudarthrosis may develop. For this reason, tibiocalcaneal fixation supplemented with iliac crest bone graft is indicated in some cases of extensive osteonecrosis of the talar body.
Replacement of the necrotic talus with an artificial total talus maintains leg length and joint function. Harnroongroj and Harnroongroj 15 reported mid-term to long-term results after talar replacement with an artificial talar body prosthesis made from 316L stainless steel. In their study, two of thirty-six procedures failed because the size of the implant was mismatched. Our alumina ceramic implants are individually designed using data from the contralateral, normal side and are machine made; no size mismatches occurred in our series. In one of the patients described by Harnroongroj and Harnroongroj, the prosthesis failed because of necrotic change in the talar neck and head. In the past, we encountered cases of loosening of the talar neck or destruction of the talar head after replacement of the talar body 17 . The total talar prosthesis has been designed to overcome these problems, and none of these types of complications occurred in the present series.
Our implants are made of alumina ceramic. The talus is surrounded by the tibia, fibula, navicular bone, and calcaneus, and 60% of its surface is covered with articular cartilage. It is extremely important to make an artificial talus from a material with strong biological affinity. Yoshinaga 31 reported that alumina ceramic has less wear than 316L stainless steel. Alumina ceramic is thought to be an ideal material for an artificial talus. Because the talus has complicated joint surfaces with surrounding bones, custom-made alumina ceramic implants are ideal for adjusting the joint, producing stability, preventing degenerative changes in adjacent joints, and dispersing the pressures appropriately.
The limitations of this study are the small number of patients and the retrospective design of the investigation. We plan to perform a prospective cohort study in the near future. In summary, we followed fifty-one patients with fifty-five total talar replacements for an average of 52.8 months (range, twentyfour to ninety-six months). None required revision, and the mean scores on the JSSF ankle-hindfoot scale improved from 15.0 to 34.0 points for pain, from 21.2 to 45.1 points for function, from 6.0 to 9.8 points for alignment, and from 43.1 to 89.4 points for the total score. The mean scores for the AOS category of pain "at its worst" improved from 6.1 to 2.0 points. Prosthetic total talar replacement is a useful procedure for patients with osteonecrosis of the talus because the favorable congruency of the custom-made implant with the adjacent joints produces stability and maintains ankle function. n
